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EVOLUTIONARY ADAPTATION TO TEMPERATURE. VI. PHENOTYPIC
ACCLIMATION AND ITS EVOLUTION IN ESCHERICHIA COLI
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Abstract.—Acclimation refers to reversible, nongenetic changes in phenotype that are induced by specific environmental
conditions. Acclimation is generally assumed to improve function in the environment that induces it (the beneficial
acclimation hypothesis). In this study, we experimentally tested this assumption by measuring relative fitness of the
bacterium Escherichia coli acclimated to different thermal environments. The beneficial acclimation hypothesis predicts
that bacteria acclimated to the temperature of competition should have greater fitness than do bacteria acclimated to
any other temperature. The benefit predicted by the hypothesis was found in only seven of 12 comparisons; in the
other comparisons, either no statistically demonstrable benefit was observed or a detrimental effect of acclimation
was demonstrated. For example, in a lineage evolutionarily adapted to 37°C, bacteria acclimated to 37°C have a higher
fitness at 32°C than do bacteria acclimated to 32°C, a result exactly contrary to prediction; acclimation to 27°C or
40°C prior to competition at those temperatures confers no benefit over 37°C acclimated forms. Consequently, the
beneficial acclimation hypothesis must be rejected as a general prediction of the inevitable result of phenotypic
adjustments associated with new environments. However, the hypothesis is supported in many instances when the
acclimation and competition temperatures coincide with the historical temperature at which the bacterial populations
have evolved. For example, when the evolutionary temperature of the population was 37°C, bacteria acclimated to
37°C had superior fitness at 37°C to those acclimated to 32°C; similarly, bacteria evolutionarily adapted to 32°C had
a higher fitness during competition at 32°C than they did when acclimated to 37°C. The more surprising results are
that when the bacteria are acclimated to their historical evolutionary temperature, they are frequently competitively
superior even at other temperatures. For example, bacteria that have evolved at either 20°C or 32°C and are acclimated
to their respective evolutionary temperatures have a greater fitness at 37°C than when they are acclimated to 37°C.
Thus, acclimation to evolutionary temperature may, as a correlated consequence, enhance performance not only in
the evolutionary environment, but also in a variety of other thermal environments.

Key words —Acclimation, adaptation, bacteria, beneficial acclimation hypothesis, Escherichia coli, fitness, phenotypic
plasticity, temperature.
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The exposure of organisms to new environments often
causes reversible, nongenetic changes in the expression of a
variety of phenotypic traits. This general response is termed
phenotypic plasticity, and its specific form in different ther-
mal environments is called acclimation (Rome et al. 1992;
Scheiner 1993; Huey and Berrigan 1996). These acclimation
responses may involve changes in physiological rate pro-
cesses and performance, thermal niche limits, behaviors, and
even morphological characters (e.g., Prosser 1973; Hochach-
ka and Somero 1984; Cossins and Bowler 1987). These al-
terations in phenotype have generally been assumed to benefit
the performance of the organism in its new thermal environ-
ment and to confer an advantage that would otherwise be
lacking without acclimation (e.g., Levins 1969; Hochachka
and Somero 1984; Hoffmann and Parsons 1991; Rome et al.
1992). Recently, this assumption, which we call the beneficial
acclimation hypothesis, has attracted more general discussion
and specific experimental evaluation (Leroi et al. 1994a;
Hoffmann 1995; Padilla and Adolph 1996; Huey and Ber-
rigan 1996). Experimental studies examining acclimation and
subsequent performance in different thermal environments
(Krebs and Loeschcke 1994; Leroi et al. 1994a; Zamudio et
al. 1995; Huey and Berrigan 1996 reanalysis of data from
Zwaan et al. 1992) have all found instances in which organ-
isms have inferior performance at their acclimation temper-
atures, calling into serious question the generality of the ben-
eficial acclimation hypothesis. Studies of phenotypic adjust-
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ment to different light regimes have produced mixed results,
some supporting (Kingsolver 1995; Schmitt et al. 1995; Dud-
ley and Schmitt 1996) and others falsifying (Rice and Bazzaz
1989) the hypothesis that such adjustments are necessarily
beneficial.

The research presented here is an outgrowth of our earlier
study (Leroi et al. 1994a) examining the effect of acclimation
temperature on relative fitness in the bacterium Escherichia
coli. In that study, we acclimated genetically marked (but
otherwise isogenic) clonal populations of this bacterium to
32°C and to 41.5°C. After acclimation, these marked clones
were reciprocally competed at 32°C and 41.5°C. As predicted
by the beneficial acclimation hypothesis, at 32°C the popu-
lation acclimated to 32°C had a greater fitness than that ac-
climated to 41.5°C. However, at 41.5°C, the fitness of the
32°C-acclimated population was again greater, contrary to
the predictions of the hypothesis. The generality of the hy-
pothesis was therefore falsified. In this study, we examine
how specific these results were to this particular pairing of
environmental temperatures. The bacterium utilized in the
previous study had evolved at 37°C (Lenski et al. 1991) and
exposure to 41.5°C is clearly stressful to it (Lenski and Ben-
nett 1993), being less than 1°C from its upper lethal tem-
perature (Bennett and Lenski 1993). Was the failure to find
acclimation benefit related to the stressful nature of the en-
vironment? How general is beneficial acclimation in other,
nonstressful portions of this organism’s thermal niche? Can
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Experimental design to investigate the effects of acclimation on fitness in the ancestral bacterium. Genetically marked (but

otherwise isogenic) clones are grown separately at each of two different temperatures (T, and T,) on the acclimation day. They are then
cross-competed on the competition day, the resident competitor remaining at its acclimation temperature and the immigrant moving to
the alternative temperature. The fitness of the resident relative to the immigrant is measured over that first day of competition.

the patterns of absence or presence of acclimation benefit be
understood in reference to the evolutionary history of ad-
aptation to different thermal environments? This study in-
vestigates each of these questions.

MATERIALS AND METHODS

Study Organisms

The bacteria used in this study were all derived from a
single genotype (REL1206) of E. coli B, which was isolated
from a population that had been maintained for 2000 gen-
erations at 37°C by serial transfer in minimal glucose medium
(Lenski et al. 1991). This genotype cannot metabolize arab-
inose (Ara~). An arabinose-utilizing mutant genotype (Ara*)
was derived from Ara-, the genotypes being otherwise iden-
tical. This trait is used as a marker in competition experiments
to estimate relative fitness; the marker’s selective neutrality
has been previously verified under several thermal regimes
(Bennett et al. 1992) and is reaffirmed in the present study.
This pair of genotypes was utilized in the studies on phe-
notypic acclimation described in the next section. They were
also the ancestral genotypes used to found an evolutionary
experiment on temperature adaptation (previously described
in Bennett et al. 1992 and Mongold et al. 1996). To examine
the effect of evolutionary adaptation on phenotypic accli-
mation responses described in the subsequent section, we
used genotypes that had evolved at 32°C and at 20°C in these
previous studies. The 32°C and 20°C groups each consisted
of six independently derived populations (lines) that were
maintained by serial transfer at their respective temperatures
for 2000 generations. A single genotype randomly chosen
from each population was used in the analysis of evolutionary
changes in the effects of phenotypic acclimation on fitness.

Fitness Effects of Phenotypic Acclimation in the Ancestor

The Ara~ and Ara* genotypes were used to investigate the
effects on competitive fitness of reciprocal acclimation to
several pairs of different thermal environments. These ex-
periments follow the protocol described in Leroi et al.
(1994a). Briefly, reciprocally marked clones (Ara- and Ara*)
are acclimated to two different temperatures for one day (6—
7 generations) and then are allowed to cross-compete on the
next day at both their own acclimation temperature and that
of the other acclimation state (see Fig. 1 for a schematic
diagram of the experiment). In each competition environ-
ment, the clone that was acclimated to the competition tem-
perature is termed the ‘“‘resident’” and the clone acclimated
to the other temperature is designated the ‘‘immigrant.”” Rel-
ative fitness of the two acclimation states is measured by
their differential rates of offspring production, using the fol-
lowing equation:

W = log (RyR)/log (Iyl)), 1)

where subscripts i and f denote initial and final values for
the population densities of the resident (R) and immigrant (I)
acclimation states. Note that fitness in these experiments is
always expressed as resident relative to immigrant. W = 1
implies no fitness advantage to either acclimation state. The
beneficial acclimation hypothesis predicts that the resident
will always have superior performance and that W will always
exceed one. W < 1 would imply superior performance by
the immigrant. The effects of reciprocal acclimation on fit-
ness were measured at the following pairs of temperatures:
22°C and 32°C, 22°C and 37°C, 27°C and 37°C, 32°C and
37°C, and 37°C and 40°C.

Methods of serial transfer, temperature control, and com-
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petition have been described in detail elsewhere (Bennett et
al. 1992). Briefly, each genotype is stored as a clone that is
frozen at —80°C. At the beginning of a set of competition
experiments, each genotype was removed from the freezer
and cultured for one day in Luria broth (LB) at 37°C and for
a second day in Davis minimal medium (DM with 25 pg
glucose ml-1) at 37°C. On the third day—the acclimation
day—each culture was diluted 100-fold into DM and 10 rep-
licates of each genotype were placed at each of the two ac-
climation temperatures (40 cultures total). On the fourth
day—the competition day—an aliquot of each of the two
differently acclimated clones (possessing the reciprocal Ara
markers) was diluted 200-fold into fresh DM; this mixed
culture was immediately subsampled onto tetrazoleum arab-
inose (TA) indicator plates to determine R; and /;. Each flask
was then incubated at one of the two competition tempera-
tures for 24 h. At each competition temperature, 20 flasks
were incubated, 10 having one Ara marker state as the res-
ident and another 10 with the alternate marker state as res-
ident. For example, in the 22°C and 32°C experiment, each
incubator contained 20 competition flasks: 10 flasks con-
taining Ara~ acclimated to 22°C and Ara* acclimated to 32°C
and another 10 flasks containing Ara~ acclimated to 32°C
and Ara* acclimated to 22°C. After 24 h, each culture was
subsampled onto TA plates to determine Rrand /1. In the 22°C
and 32°C comparison, competition cultures were serially
transferred in the competitive temperature environment for a
second day to determine whether any fitness differential as-
sociated with acclimation in the initial competition persisted
during the second day, by which time both the former im-
migrant, as well as the resident, should have been acclimated
to the temperature of competition. In each experiment, the
neutrality of the marker state was evaluated by a ¢-test. The
beneficial acclimation hypothesis was evaluated by calculat-
ing 95% confidence limits about the mean fitness (using the
t-distribution with df = 19): W significantly greater than 1
supports the hypothesis, and W = 1 does not.

Evolutionary Changes in Acclimation Effects

We next examined changes in the phenotypic acclimation
response that occurred during evolution in new thermal en-
vironments. In our previous experiments (Bennett et al. 1992;
Mongold et al. 1996), the two Ara genotypes served as the
ancestors for experimental groups of replicate lineages placed
in several different thermal environments. Here, we examined
changes from the ancestral pattern of phenotypic acclimation
responses in the groups that evolved at 32°C and 20°C. Pre-
vious experiments showed that both groups had undergone
significant genetic adaptation to their respective selective en-
vironments, as judged by temperature-specific increments in
their competitive fitness (Bennett et al. 1992; Mongold et al.
1996). To estimate changes in acclimation effects on fitness,
we measured the mean fitness in the lines of each experi-
mental group (either 32°C or 20°C) relative to the ancestor
both at the selective temperature (32°C or 20°C) and at the
ancestral temperature (37°C) after acclimation to either the
selective or the ancestral temperature (experimental approach
modified from Leroi et al. 1994b). The difference in fitness
at the selective temperature when competitors were accli-

mated to this selective temperature (condition A) and when
they were acclimated to the ancestral temperature (condition
B) is used to estimate the evolutionary change in the effect
of acclimation in the selective environment. The difference
in fitness at the ancestral temperature when competitors were
acclimated to this temperature (condition C) and when they
are acclimated to their selective temperature (condition D)
was used to estimate the evolutionary change in the effect
of acclimation to the ancestral environment (see Fig. 2 for a
diagrammatic design of these experiments). Note that both
the evolved genotypes and their ancestors are acclimated to
the same temperature prior to competition at either temper-
ature. Relative fitness is now expressed as:

W = log (EsE)/log (AgA)), 2

where subscripts i and f denote initial and final values for
the population densities of the evolutionarily derived (E) and
ancestral (A) genotypes.

Methods of serial transfer, temperature control, and com-
petition were identical to those described in the previous
section. The bacteria used in these experiments were the two
ancestral genotypes (Ara~ and Ara*) and single genotypes
isolated from each of the six replicate lines in two evolu-
tionary treatment groups: at 32°C, lines 32-1, 32-2, 32-3,
32+1, 32+2, 32+3, and at 20°C, 20-1, 20-2, 20-3, 20+1,
20+2, 20+3. The sign of these genotypes indicates Ara mark-
er state; during competitive measurements of relative fitness,
these genotypes were always paired with the reciprocally
marked ancestor. For each selective temperature, the exper-
iment was run in three blocks. At the beginning of an ex-
perimental block, each genotype was removed from the freez-
er and cultured for one day in LB at 37°C and for a second
day in DM at 37°C. On the third day—the acclimation day—
each culture was diluted 100-fold into DM and a replicate
culture was placed at each of the two temperatures, the se-
lective temperature (either 32°C or 20°C) and the ancestral
temperature (37°C) (two ancestral and six derived genotypes
at each of two temperatures = 16 cultures total). On the fourth
day—the competition day—at each acclimation temperature,
four replicate competition cultures were established by trans-
ferring an aliquot of each derived genotype and the ancestor
(possessing the reciprocal Ara marker) into fresh DM (200-
fold dilution of each). These cultures were immediately sub-
sampled onto TA plates to determine E; and A;. Two of these
four cultures were incubated for 24 h at the selective tem-
perature and the other two, at the ancestral temperature. After
24 h, each culture was subsampled onto TA plates to deter-
mine E; and A. In each experimental block, two replicates
of each competition in each of two acclimation states were
performed at both experimental temperatures (2 replicates X
6 derived genotypes X 2 acclimation states X 2 experimental
temperatures = 48 cultures/block). The experiment was re-
peated three times, yielding six replicate measurements of
fitness for each derived genotype in each acclimation state
at each temperature. The mean value of fitness for each de-
rived genotype was used to calculate the difference between
experimental conditions (A — B) or (C — D), and the sig-
nificance of the difference was evaluated by calculating 95%
confidence limits about the mean difference (using the -
distribution with df = 5). Thus, our degrees of freedom for
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Fig. 2. Experimental design to investigate evolutionary changes in acclimation effects on fitness. The differences in shading indicate
two genotypes that differ in their selective histories (as well as being genetically marked), one being the ancestral genotype and the
other having evolved at the selective temperature (either 32°C or 20°C). Pairs of ancestral and evolved genotypes are grown separately
at either the selective (32°C or 20°C) or ancestral (37°C) temperature on the acclimation day. They are then competed directly with each
other either at their acclimation temperature (conditions A and C) or at the alternative temperature (conditions B and D). The difference
in fitness at the selective temperature when competitors are acclimated to the selective temperature (condition A) and when they are
acclimated to the ancestral temperature (condition B) measures the evolutionary change in the effect of acclimation to the selective
environment. The difference in fitness at the ancestral temperature when competitors are acclimated to the ancestral temperature (condition
C) and when they are acclimated to the selective temperature (condition D) measures the evolutionary change in the effect of acclimation

to the ancestral environment.
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Fic. 3. Mean fitness (= 95% confidence limits) of the resident

relative to the immigrant at acclimation and competition temper-
atures of 22°C and 32°C calculated over the first (solid symbols)
and the second (open symbols) days of competition. During the first
day, the resident is more fit than the immigrant at both competition
temperatures, supporting the beneficial acclimation hypothesis in
each case. During the second day, when both competitors have
acclimated to the competition temperature, the fitness differential
has disappeared, confirming the transitory, phenotypic nature of the
acclimation response measured during the first day of competition.

testing evolutionary hypotheses were determined by the num-
ber of independently derived genotypes in each evolutionary
treatment group, with all other aspects of the experimental
design being balanced and fully blocked.

RESULTS

Fitness Effects of Phenotypic Acclimation in the Ancestor

Ara marker state was not a significant factor in any of the
comparisons (P > 0.1) and was therefore excluded from sub-
sequent analyses. Results of the 22°C and 32°C acclimation
experiment are presented in Figure 3. During the first day of
competition (Fig. 3, solid symbols), the residents had higher
fitness than the immigrants at both competition temperatures
(P <0.001). These results conform to and support the ben-
eficial acclimation hypothesis. The benefit is also apparently
symmetrical, with no significant difference between the fit-
ness advantage of the residents at the two competition tem-
peratures (P = 0.47). During the second day of competition
(Fig. 3, open symbols), these fitness differentials had dis-
appeared: the relative fitnesses of the competitors at both
temperatures were not significantly different from each other
(that is, relative fitness is not significantly different from one)
at either temperature. Thus, the beneficial effect of accli-
mation is a reversible phenotypic trait that disappears as the
immigrant become acclimated to competition temperature.
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37°C relative to immigrants acclimated to different temperatures.
The resident has a significant advantage relative to immigrants ac-
climated to 22°C, 27°C, or 32°C, in accord with the beneficial ac-
climation hypothesis. The resident has no significant advantage or
disadvantage relative to an immigrant from 40°C.

Fitness of the resident at 37°C relative to that of immigrants
from several other temperatures is shown in Figure 4. The
beneficial acclimation hypothesis is supported when the im-
migrants were acclimated to 22°C (P < 0.001), 27°C (P <
0.001), and 32°C (P = 0.001). That is, the 37°C-acclimated
resident was more fit than the immigrant acclimated to these
other temperatures. Further, over this range of immigrant ac-
climation temperatures, the benefit to the resident increases
with the magnitude of the difference in acclimation temper-
atures (F = 24.4; df = 1,58; P < 0.001). However, neither
resident nor immigrant from 40°C has any significant ad-
vantage (P = 0.69) in competition at 37°C.

Figure 5 summarizes the results of the reciprocal experi-
ments in which an immigrant acclimated to 37°C competes
at several temperatures against residents acclimated to those
temperatures. The pattern of fitness advantage is very dif-
ferent from that found for the 37°C resident. At 22°C, the
resident has a greater fitness than does the 37°C immigrant
(P = 0.003), in accord with the beneficial acclimation hy-
pothesis. However, at 27°C, mean fitness is 0.987, a value
nearly significantly below one (P = 0.09), and at 32°C, mean
fitness of 0.978 is significantly below one (P = 0.03). In the
latter case and perhaps also in the former, the fitness of the
immigrant from 37°C is actually greater than that of the res-
ident acclimated to the competition temperature. This out-
come is exactly the opposite of that predicted by the beneficial
acclimation hypothesis and indicates that prior exposure to
the competition environment is in fact detrimental when the
immigrant comes from 37°C. At 40°C, again no fitness ad-
vantage or disadvantage accrues to acclimation at 37°C in-
stead of 40°C (P = 0.29). Even for 22°C, where the beneficial
acclimation hypothesis is supported for both competition
temperatures, the benefit to the resident is not symmetrical,
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FiG. 5. Mean fitness (* 95% confidence limits) of the resident at
various competition temperatures relative to an immigrant accli-
mated to 37°C. The resident has a significant advantage at 22°C, a
result consistent with the beneficial acclimation hypothesis. At
32°C, however, the resident is at a significant disadvantage relative
to the immigrant. At 27°C and 40°C, the resident has no significant
advantage or disadvantage.

but is substantially greater in competition at 37°C that at 22°C
(P < 0.001).

What might account for the divergent patterns evident in
Figures 4 and 5, in which acclimation effects are clearly not
reciprocal or symmetrical at different pairs of acclimation
and competition temperatures? An important influence on
these patterns might be the evolutionary thermal history of
the bacterial lineage examined. Specifically, this genotype
was isolated from a population propagated at 37°C for the
preceding 2000 generations, during which time the popula-
tion had undergone extensive adaptive evolution (Lenski et
al. 1991). Certainly in the experiments reported above, ac-
climation to 37°C appears to entail advantages, sometimes
even during competition at other temperatures. Perhaps ac-
climation to an organism’s historical selective temperature
generally confers such advantages, so that evolutionary ad-
aptation to a particular temperature not only increases fitness
at that temperature, but also extends to other thermal envi-
ronments the beneficial effects of phenotypic acclimation to
the selective environment. Fortunately, such hypotheses can
be rigorously tested with our experimental evolutionary lines.
In the next section, we examine the evolutionary modification
of the ancestral acclimation patterns during 2000 generations
of adaptation to two different thermal environments.

Evolutionary Changes in Acclimation Effect

The results of the fitness measurements with the 32°C-
selected genotypes are summarized in Tables 1 and 2. The
mean fitness estimates for both the direct and correlated re-
sponses of this group are in excellent agreement with those
reported previously (condition A: 1.11, Condition C: 1.02;
Bennett and Lenski 1996). During competition with the an-
cestor at 32°C (Table 1), prior acclimation to that temperature
yields a significant advantage to the 32°C-selected genotypes:
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TABLE 1. The effect of acclimation temperature on the fitness of
six 32°C-selected lines during competition at 32°C. Each value is
the mean of six replicate measurements of fitness of the selected
line relative to the common ancestor. In condition A, both com-
petitors (a genotype selected at 32°C and its ancestor) are separately
acclimated to 32°C prior to competition. In condition B, both com-
petitors are separately acclimated to 37°C prior to competition. We
expect that fitness in condition A will exceed that in condition B
if acclimation to 32°C confers an advantage over acclimation to the
ancestral temperature of 37°C.

TABLE 2. The effect of acclimation temperature on the fitness of
six 32°C-selected lines during competition at 37°C. Each value is
the mean of six replicate measurements of fitness of the selected
line relative to the common ancestor. In condition C, both com-
petitors (a genotype selected at 32°C and its ancestor) are separately
acclimated to 37°C prior to competition. In condition D, both com-
petitors are separately acclimated to 32°C prior to competition. We
expect that fitness in condition C will be less than that in condition
D if acclimation to 32°C enhances fitness even during competition
at 37°C.

32°C-selected Condition A Condition B . Difference 32°C-selected Conditon C Condition D Difference
genotype 32 - 32 37 - 32 (A - B) genotype 37 - 37 32 - 37 (C-D)
32-1 1.088 1.046 0.041 32-1 0.996 1.063 -0.067
32-2 1.162 1.118 0.045 32-2 1.069 1.108 -0.039
32-3 1.104 1.051 0.052 32-3 1.012 1.070 -0.058
32+1 1.135 1.017 0.118 32+1 0.947 0.993 —-0.046
32+2 1.130 1.069 0.061 32+2 1.061 1.114 —0.053
32+3 1.179 1.102 0.077 32+3 1.075 1.127 —-0.052
Mean 1.133 1.067 0.066 Mean 1.027 1.079 —-0.053
SE 0.012 SE 0.004
95% ClI 0.036 to 0.096 95% CI1 —0.043 to —0.062
P 0.002 P < 0.001

all six lines have higher fitness when both competitors are
acclimated to 32°C instead of to 37°C (A — B > 0). This
pattern is in distinct contrast to that seen in the ancestor (Fig.
5), in which acclimation to 32°C prior to competition at that
temperature actually depressed fitness. When competition
takes place at 37°C (Table 2), the 32°C-selected genotypes
are significantly more fit if both competitors are acclimated
to 32°C than if they are both acclimated to 37°C (C — D <
0). Again, this result is in marked contrast to the ancestral
pattern of a benefit to acclimation to 37°C during competition
at that temperature (Fig. 4). Clearly, evolutionary adaptation
to 32°C has fundamentally altered, even reversed, the an-
cestral pattern of phenotypic acclimation effects. Whereas
the ancestor benefited from acclimation at 37°C prior to com-
petition at either 32°C or 37°C, the six 32°C-selected lines
all benefit from acclimation to 32°C prior to competition at
either 32°C or 37°C.

TABLE 3. The effect of acclimation temperature on, the fitness of
six 20°C-selected lines during competition at 20°C. Each value is
the mean of six replicate measurements of fitness of the selected
line relative to the common ancestor. In condition A, both com-
petitors (a genotype selected at 20°C and its ancestor) are separately
acclimated to 20°C prior to competition. In condition B, both com-
petitors are separately acclimated to 37°C prior to competition. We
expect that fitness in condition A will exceed that in condition B
if acclimation to 20°C confers an advantage over acclimation to the
ancestral temperature of 37°C.

Fitness measurements of the 20°C-selected genotypes are
reported in Tables 3 and 4. Again, both the direct and cor-
related responses of this group are in very good agreement
with those determined previously (condition A: 1.09, con-
dition C: 0.97; Bennett and Lenski 1996). In competition
with the ancestor at 20°C (Table 3), prior acclimation to 20°C
has no significant effect on the average fitness advantage of
the 20°C-selected genotypes (A — B = 0). However, during
competition at 37°C (Table 4), the fitness of the 20°C-selected
genotypes is significantly enhanced by prior acclimation to
20°C, a pattern consistent across all six replicate lines (C —
D < 0). This result contrasts to the ancestral pattern shown
in Figure 4. Again, evolutionary adaptation, in this case to
20°C, has changed the ancestral pattern of phenotypic accli-
mation effects on fitness.

TABLE 4. The effect of acclimation temperature on the fitness of
six 20°C-selected lines during competition at 37°C. Each value is
the mean of six replicate measurements of fitness of the selected
line relative to the common ancestor. In condition C, both com-
petitors (a genotype selected at 20°C and its ancestor) are separately
acclimated to 37°C prior to competition. In condition D, both com-
petitors are separately acclimated to 20°C prior to competition. We
expect that fitness in condition C will be less than that in condition
D if acclimation to 20°C enhances fitness even during competition
at 37°C.

20°C-
20°C-selected Condition A Condition B Difference selected Condition C Condition D Difference
genotype 20 - 20 37 - 20 (A — B) genotype 37 - 37 20 — 37 (C - D)
20-1 1.118 1.127 —0.009 201 1.021 1.124 -0.102
20-2 1.096 0.989 0.106 20-2 0.953 1.076 -0.123
20-3 1.140 1.028 0.112 20-3 1.003 1.164 -0.161
20+1 1.103 1.050 0.053 20+1 1.022 1.115 -0.093
20+ 2 1.098 1.194 -0.097 20+ 2 0.746 0.988 —-0.242
20+ 3 1.097 1.119 —-0.022 20+ 3 0.971 1.066 -0.095
Mean 1.109 1.085 0.024 Mean 0.953 1.089 -0.136
SE 0.033 SE 0.024
95% CI1 —0.061 to 0.109 95% CI1 —-0.075 to —0.197
P 0.51 P 0.002
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DiscussioN
Acclimation in Bacteria and Other Organisms

The process of acclimation is usually studied in organisms
with much longer generation times than those of bacteria,
and exposure to a new thermal environment encompasses
only a portion of an individual’s life span (see studies in
Prosser 1973; Hochachka and Somero 1984; Cossins and
Bowler 1987). However, temperature exposure may be par-
ticularly important in influencing early phenotypic devel-
opment (see Blaxter 1988; Atkinson 1996; Johnston et al.
1996), and the phenotype of an offspring may also be sig-
nificantly influenced by parental acclimation state (Crill et
al. 1996 and references therein). Some acclimation effects
have even been reported to span three generations (Watson
and Hoffmann 1995). Because of the potential for cross-gen-
erational effects, experimenters investigating acclimation
have been cautioned to raise study organisms through at least
two generations in a common-garden thermal environment
(Crill et al. 1996). We therefore grew our bacteria for six to
seven generations in the acclimation phase of these experi-
ments to ensure that the organisms were fully conditioned to
the intended environment prior to testing the competitive
ability of the resulting phenotype. While multigenerational
exposure to acclimation temperature is not usual in accli-
mation experiments, it in fact is a desirable feature in such
studies.

The concern may arise whether this multigenerational ac-
climation period is so long that it may allow genetic (evo-
lutionary) adaptation of the exposed populations to the ac-
climation temperature, in addition to strictly phenotypic
changes. We do not believe that genetic adaptation occurred
during these experiments for two reasons. First, the accli-
mation effects on fitness were shown to be completely elim-
inated during further exposure to the competition temperature
(contrast solid and open symbols in Fig. 3). In contrast, ge-
netic changes arising from selection on new mutations within
the competing populations should have led to even greater
fitness differentials on the second day of competition. Thus,
the observed disappearance of the fitness advantage is con-
sistent with its phenotypic nature. Second, we can calculate
the magnitude of the fitness advantage that would be required
for a hypothetical new mutation to yield a population mean
fitness of 1.03 (Fig. 3) after only 13-14 generations (accli-
mation and competition days). Assuming a beneficial mu-
tation in one cell at the beginning of the acclimation period,
and given the known population sizes of the two competitors,
the relative fitness of the hypothetical mutant would have to
be approximately 2.3 to increase mean fitness by 3% in this
short time period. Such a mutant would very rapidly sweep
through the population and establish a population mean fit-
ness of 2.3 well within the first 100 generations. However,
in evolution experiments involving selection of the same an-
cestral populations at these temperatures, we never observed
a fitness change of this magnitude: fitnesses after 2000 gen-
erations at 20 and 32°C increased to only approximately 1.1
(Bennett et al. 1992; Mongold et al. 1996). It is virtually
impossible that mutations of such large beneficial effect
would have occurred in all of the acclimation experiments,
but never in the evolution experiments. On of both these

grounds, we therefore conclude that the rapid and reversible
changes that occurred during the acclimation treatments in
this study are, in fact, due to phenotypic acclimation and not
genetic adaptation. Thus, these experiments provide an ap-
propriate model for analyzing the effects of phenotypic ac-
climation on performance.

Generality of the Beneficial Acclimation Hypothesis

Does acclimation to a temperature confer an advantage in
competition at that temperature, as predicted by the beneficial
acclimation hypothesis? According to the results of experi-
ments with the ancestral bacterium, the answer is ‘‘some-
times.”” The 22°C and 32°C cross-competition experiments
(Fig. 3, solid symbols) provide a classic example of reciprocal
and even symmetrical acclimation benefits. Another example
is the pattern of increasing benefit to the 37°C-acclimated
resident in competition with immigrants acclimated to pro-
gressively lower temperatures (Fig. 4). However, acclimation
accrues no benefit in cross-competition experiments between
37°C and 40°C (Figs. 4 and 5), and it is even detrimental
when a 32°C-acclimated resident (and perhaps a 27°C-accli-
mated resident) competes with a 37°C-acclimated immigrant
(Fig. 5). Thus, a significant benefit to acclimation at the com-
petition temperature was found in only a bare majority of the
cases investigated (7 of 12 comparisons, including the two
from Leroi et al. 1994a). Evidently, acclimation may some-
times be beneficial, but it is hardly necessarily so. The general
hypothesis of an invariable benefit to acclimation has to be
rejected.

The finding that a 37°C-acclimated immigrant is more fit
than a 32°C-acclimated resident (Fig. 5) is of particular in-
terest for several reasons. First, it indicates that the fitness
reduction associated with acclimation that we previously re-
ported (for a 32°C-acclimated immigrant and a 41.5°C-ac-
climated resident, Leroi et al. 1994a) is not a unique case.
Second, this decrement cannot be attributed to an effect of
stress. Although 41.5°C is stressful by several measures to
this genotype of E. coli, 32°C is not (Lenski and Bennett
1993). Hence, the decrement in competitive fitness of a res-
ident at 32°C relative to an immigrant from 37°C cannot be
an effect of the production and action of stress proteins, as
we suggested might account for the resident’s handicap at
41.5°C (Leroi et al. 1994a). We do not know the mechanisms
underlying the advantages and disadvantages of acclimation
observed in the current experiments. It is clear, however, that
the paradoxical harmful effect of acclimation to the com-
petition temperature may arise even in benign thermal en-
vironments. Third, on the basis of the results of Leroi et al.
(1994a), one might have suggested that acclimation to 32°C
confers some inherent competitive superiority in this geno-
type, a prediction consonant with the optimal acclimation
temperature hypothesis (Huey and Berrigan 1996). However,
the results of this study indicate that the 32°C-acclimated
form wins in some circumstances and loses in others. If any-
thing, the results of the current study suggest that acclimation
to 37°C, the ancestral temperature of the genotype, confers
some inherent superiority, even for an immigrant to other
competition temperatures. A similar situation, in which ben-
efit at other temperatures accrues to acclimation at the an-
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cestral temperature, has been previously noted by Zwaan et
al. (1992) and Zamudio et al. (1995) in Drosophila. It was
this concordance between beneficial acclimation effects and
selective history that prompted us to test the association fur-
ther using genotypes adapted to other thermal environments.

Evolutionary Changes in Acclimation Effects

The post hoc interpretation of the experiments outlined
above suggested that acclimation benefit may be conditioned
by evolutionary history. Specifically, the genotype that was
studied had been isolated from a population that was grown
at 37°C for 2000 generations and had undergone extensive
genetic adaptation to that temperature (Lenski et al. 1991).
When acclimated to 37°C, this genotype was more fit in com-
petition at that temperature than most immigrant acclimation
states (Fig. 4). This result is not particularly surprising, being
predicted by the beneficial acclimation hypothesis. However,
acclimation to 37°C also benefited this genotype when it was
an immigrant to certain other temperatures (Fig. 5), resulting
in a pronounced asymmetry of fitness effects associated with
acclimation to 37°C. This pattern may have two alternative
explanations. First, perhaps this is a unique environment for
E. coli because acclimation to 37°C invariably benefits this
species for some (unknown) physiological reason. Second,
perhaps beneficial effects of acclimation accrue to whatever
has been the organism’s historical selective temperature. In
this latter case, 37°C is special only because of the particular
selective history of this genotype. This explanation implies
that beneficial effects of acclimation are more prevalent when
there has been a history of selection in the corresponding
thermal environment. It further implies that genetic adapta-
tion to a certain thermal environment may extend the benefits
of acclimation in that environment even to competition in
other environments.

We were able to test these alternative explanations by ex-
amining changes in the fitness effects of acclimation in de-
rived genotypes that had evolved under, and adapted to, dif-
ferent thermal regimes. The first explanation (superiority at
37°C) predicts that the effects of acclimation on fitness should
be unaltered in these derived genotypes, so that 37°C-accli-
mated bacteria should retain their advantage relative to those
acclimated to other temperatures. The second explanation
(superiority at historical temperature) predicts that the ben-
eficial effects of acclimation should follow the temperature
of genetic adaptation; specifically, those genotypes adapted
to 32°C or 20°C should no longer be disadvantaged when
acclimated to their selective temperatures relative to 37°C-
acclimated forms.

Observations on genotypes adapted to 32°C and 20°C (Ta-
bles 1-4) strongly support the latter explanation: evolution-
ary history alters the pattern of phenotypic acclimation ef-
fects so that benefit tends to accrue to acclimation to the new
selective temperature. In the 32°C-adapted genotypes, the
ancestral pattern is completely reversed: bacteria acclimated
to 32°C have higher fitness in competition at both 32°C and
37°C (Tables 1 and 2), instead of the ancestral pattern of
lower fitness at both temperatures (Figs. 4 and 5). Even in
the 20°C-adapted group, acclimation to the historical tem-
perature of 20°C confers a benefit during competition at 37°C

(Table 4), a particularly surprising result considering the 17°C
difference in acclimation and competition temperatures. It is
important to keep in mind that these acclimation benefits at
37°C are only correlated and not directly selected responses:
the experimental populations from which these genotypes
were taken had not experienced 37°C during the most recent
2000 generations of their selective history.

The foregoing results demonstrate that evolutionary ad-
aptation may alter or even reverse ancestral patterns of phe-
notypic acclimation. Unexpected changes in acclimation ef-
fects may occur even when acclimation ability is potentially
subject to direct selection: we previously showed that accli-
mation benefit paradoxically declined during evolution in a
variable environment that was characterized by abrupt ther-
mal transitions (Leroi et al. 1994b). Consequently, no com-
prehensive generalizations emerge about the relationships be-
tween phenotypic acclimation and genetic adaptation. It is
clear, however, that the latter frequently alters the former and
often favors acclimation to the historical selective environ-
ment, even when competition occurs in some other environ-
ment. For each of the three historical selective temperatures
examined (20°C, 32°C, and 37°C), we found at least one
alternative thermal environment in which an immigrant ac-
climated to the historical temperature is competitively su-
perior to a resident acclimated to that alternative environ-
ment.

Conclusions

Our experimental study system has two distinct advantages
for evaluating hypotheses about phenotypic acclimation and
its evolution. First, the system permits direct measurement
of fitness, as opposed to evaluation of presumptive fitness
components. Second, the system allows the construction and
analysis of lineages of organisms that have evolved in, and
genetically adapted to, controlled and defined environments.
Results from this experimental system suggest that pheno-
typic acclimation may sometimes, as expected, be beneficial
in promoting fitness. However, frequently no such benefit
occurs, and sometimes it is actually disadvantageous to ac-
climate to an environment prior to competition in that en-
vironment. It is also clear that patterns of acclimation effects
on fitness are easily influenced by genetic adaptation to his-
torical selective environments. Acclimation to those histor-
ical temperatures apparently accrues benefit not only during
competition at those temperatures, but also during compe-
tition over a wide range of other temperatures.

ACKNOWLEDGMENTS

We thank P. McDonald and S. Simpson for assistance in
the laboratory, and D. Dykhuisen and R. Huey for many
helpful suggestions on the experiments and the manuscript.
This research was supported by National Science Foundation
Grant IBN-9507416 to the authors and by the National Sci-
ence Foundation Center for Microbial Ecology at Michigan
State University (BIR-9120006).

LITERATURE CITED

ATKINSON, D. 1996. Ectotherm life-history responses to devel-
opmental temperature. Pp. 183-204 in 1. A. Johnston and A. E



44

Bennett, eds. Animals and temperature: Phenotypic and evolu-
tionary adaptation. Cambridge Univ. Press, Cambridge.

BENNETT, A. E, AND R. E. LEnskil. 1993. Evolutionary adaptation
to temperature. II. Thermal niches of experimental lines of Esch-
erichia coli. Evolution 47:1-12.

. 1996. Evolutionary adaptation to temperature. V. Adaptive
mechanisms and correlated responses in experimental lines of
Escherichia coli. Evolution 50:493-503.

BENNETT, A. E, R. E. LEnskI, AND J. E. MITTLER. 1992. Evolu-
tionary adaptation to temperature. I. Fitness responses of Esch-
erichia coli to changes in its thermal environment. Evolution 46:
16-30.

BLAXTER, J. H. S. 1988. Pattern and variety in development Pp.
1-58 in W. S. Hoar and D. J. Randall, eds. Fish physiology.
Academic Press, New York.

Cossins, A. R., AND K. BowLER. 1987. Temperature biology of
animals. Chapman and Hall, New York.

CriLL, W. D., R. B. Huey, AND G. W. GILCHRIST. 1996. Within-
and between-generation effects of temperature on the morphol-
ogy and physiology of Drosophila melanogaster. Evolution 50:
1205-1218.

DuDLEY, S. A., AND J. SCHMITT. 1996. Testing the adaptive plas-
ticity hypothesis: Density-dependent selection on manipulated
stem length in Impatiens capensis. Am. Nat. 147:445-465.

HocHAcHkA, P. W., AND G. N. SomMERO. 1984. Biochemical ad-
aptation. Princeton Univ. Press, Princeton, NJ.

HoOFFMANN, A. A. 1995. Acclimation: Increasing survival at a cost.
Trends Ecol. Evol. 10:1-2.

HOFFMANN, A. A., AND P. A. PARsONS. 1991. Evolutionary genetics
and environmental stress. Oxford Univ. Press, Oxford.

Huey, R. B., AND D. BERRIGAN. 1996. Testing evolutionary hy-
potheses of acclimation. Pp. 205-237 in I. A. Johnston and A.
E Bennett, eds. Animals and temperature: Phenotypic and evo-
lutionary adaptation. Cambridge Univ. Press, Cambridge.

JoHNsTON, I. A., V. L. A. VIEIRA, AND J. HiLL. 1996. Temperature
and ontogeny in ectotherms: Muscle phenotype in fish. Pp.153—
181 in I. A. Johnston and A. E Bennett, eds. Animals and tem-
perature: Phenotypic and evolutionary adaptation. Cambridge
Univ. Press, Cambridge.

KINGSOLVER, J. G. 1995. Fitness consequences of seasonal poly-
phenism in western white butterflies. Evolution 49:942-954.
KRrEBS, R. A., AND V. LoeEscHCKE. 1994. Costs and benefits of
activation of the heat-shock response in Drosophila melanogas-

ter. Func. Ecol. 8:730-737.

Lenski, R. E., AND A. E BENNETT. 1993. Evolutionary response
of Escherichia coli to thermal stress. Am. Nat. 142:S47-S64.

Lenskl, R. E., M. R. RosE, S. C. SiMpsoON, AND S. C. TADLER. 1991.

A. F. BENNETT AND R. E. LENSKI

Long-term experimental evolution in Escherichia coli. 1. Ad-
aptation and divergence during 2,000 generations. Am. Nat. 138:
1315-1341.

Lerol, A.M., A. E BENNETT, AND R. E. LENskI. 1994a. Temperature
acclimation and competitive fitness: An experimental test of the
beneficial acclimation assumption. Proc. Nat. Acad. Sci., USA
91:1917-1921.

Lerol, A. M., R. E. Lenskl, AND A. E BENNETT. 1994b. Evolu-
tionary adaptation to temperature. III. Adaptation of Escherichia
coli to a temporally varying environment. Evolution 48:1222—
1229.

Levins, R. 1969. Thermal acclimation and heat resistance in Dro-
sophila species. Am. Nat. 103:483-499.

MonGoLD, J. A., A. E BENNETT, AND R. E. LENskI. 1996. Evo-
lutionary adaptation to temperature. IV. Adaptation of Esche-
richia coli at a niche boundary. Evolution 50:35-43.

PaDILLA, D. K., AND S. C. ApoLPH. 1996. Plastic inducible mor-
phologies are not always adaptive: The importance of time de-
lays in a stochastic environment. Evol. Ecol. 10:105-117.

PRrOsSER, C. L. 1973. Comparative animal physiology. 3d ed. W.
B. Saunders Co., Philadelphia, PA.

Ricg, S. A., aND E A. Bazzaz. 1989. Growth consequences of
plasticity of plant traits in response to light conditions. Oecologia
78:508-512.

RoMmE, L. C., E. D. STEVENS, AND H. B. JOHN-ALDER. 1992. The
influence of temperature and thermal acclimation on physiolog-
ical function. Pp. 183-205 in M. E. Feder and W. W. Burggren,
eds. Environmental physiology of the amphibians. Univ. of Chi-
cago Press, Chicago.

SCHEINER, S. M. 1993. Genetics and evolution of phenotypic plas-
ticity. Annu. Rev. Ecol. Syst. 24:35-68.

ScumitT, J., A. C. McCorMAC, AND H. SMITH. 1995. A test of the
adaptive plasticity hypothesis using transgenic and mutant plants
disabled in phytochrome-mediated elongation responses to
neighbors. Am. Nat. 146:937-953.

WATSON, M. J. O., AND A. A. HOFFMANN. 1995. Cross-generation
effects for cold resistance in tropical populations of Drosophila
melanogaster and D. simulans. Aust. J. Zool. 43:51-58.

Zamupio, K. R., R. B. HUEY, AND W. D. CriLL. 1995. Bigger isn’t
always better: Body size, developmental and parental temper-
ature, and territorial success in Drosophila melanogaster. Anim.
Behav. 49:671-677.

ZwaaN, B. J., R. BuLsma, AND R. E HOEKSTRA. 1992. On the
developmental theory of ageing. II. The effect of developmental
temperature on longevity in relation to adult body size in D.
melanogaster. Heredity 68:23-130.

Corresponding Editor: M. Feder



